ABSTRACT: This study characterized gene expression in peripheral blood mononuclear cells (PBMC) and bronchoalveolar lavage fluid (BALF) cells from controlor mannan oligosaccharide (MOS)-fed pigs with or without porcine reproductive and respiratory syndrome virus (PRRSV) at d 7 postinfection (PI). Weaned pigs (3 wk old) fed 0 or 0.2% MOS (Bio-Mos) diets were intranasally inoculated with PRRSV or a sterile medium at 5 wk of age. Total RNA (3 pigs/treatment) was extracted from cells. Double-stranded cDNA was amplified, labeled, and further hybridized to the Affymetrix GeneChip Porcine Genome Array consisting of 23,937 probe sets representing 20,201 genes. Microarray data were analyzed in R using packages from the Bioconductor project. Differential gene expression was tested by fitting a mixed linear model equivalent to a 2 × 2 factorial ANOVA using the limma package. Dietary MOS and PRRSV changed the expression of thousands of probe sets in PBMC and BALF cells (P < 0.05). The MOS × PRRSV interaction altered the expression of more nonimmune probe sets in PBMC (977 up, 1,128 down) than in BALF cells (117 up, 78 down). The MOS × PRRSV interaction (P < 0.05) for immune probe sets in PBMC affected genes encoding key inflammatory mediators. In uninfected pigs, gene expression of IL-1α, IL-6, myeloid differentiation factor 88, Toll-like receptor (TLR) 4, major histocompatibility complex (MHC) II, and dead box polypeptide 58 increased in PBMC of MOS-fed pigs (P < 0.05). This suggests that MOS enhances disease resistance in pigs and supports the fact that MOS induced a rapid increase in leukocytes at d 3 and 7 PI. Within infected pigs, however, MOS reduced the expression of IL-1β, IL-6, IL-8, macrophage inflammatory protein (MIP)-1α, MIP-1β, monocyte chemotactic protein (MCP)-1, and TLR4 genes in PBMC (P < 0.05). This finding may explain why fever was ameliorated in infected pigs fed MOS by d 7 PI. The expression of IL-1β, and TLR4 genes was confirmed by quantitative realtime reverse-transcription PCR. In BALF cells of infected pigs, MOS reduced the gene expression of TLR4, MHCII, and molecules associated with the complement system, but increased the gene expression of MHCI. In short, MOS regulated the expression of nonimmune and immune genes in pig leukocytes, perhaps providing benefits by enhancing the immune responses of the pigs to an infection, while preventing overstimulation of the immune system.
INTRODUCTION
Porcine reproductive and respiratory syndrome virus (PRRSV) continues to be a threat for swine-producing countries worldwide (Thacker, 2006) and is capable of impairing the immune responses of the host (Mateu and Diaz, 2008) . It has been shown that PRRSV reduces total leukocyte counts, delays cell-mediated immunity, inhibits key cytokines such as interferon (IFN)-α, and may interfere with correct antigen presentation and activation of T lymphocytes (Wang et al., 2007) . Different PRRSV isolates also have different abilities to induce various cytokines such as tumor necrosis factor (TNF)-α, IL-1β, IL-6, IL-10, and IL-12 (Van Reeth et al., 2002; Thanawongnuwech et al., 2004) .
Our recent study showed that mannan oligosaccharide (MOS, Bio-Mos, Alltech Inc., Nicholasville, KY), derived from the yeast cell wall of Saccharomyces cerevisiae, induced changes in the immune responses of pigs to PRRSV by d 7 postinfection (PI; Che et al., 2011) . Dietary MOS was associated with rapidly increased numbers of leukocytes, lymphocytes, and neutrophils in infected pigs at the early stage of infection. Feeding MOS to infected pigs reduced fever at d 7 PI and the concentration of serum TNF-α at d 14 PI. In addition, MOS feeding increased the serum IL-10 concentration in pigs at d 14 PI. Together, these data indicate that the ongoing inflammation caused by PRRSV may be alleviated by MOS after d 7 PI. Application of the Affymetrix GeneChip Porcine Genome Array to determine gene expression in pig leukocytes may assist in understanding the MOS × PRRSV interaction, and provide novel prospects for improving pig health and production.
The objective of this study was to characterize and compare gene expression patterns in peripheral blood mononuclear cells (PBMC) and bronchoalveolar lavage fluid (BALF) cells isolated at d 7 PI from control-or MOS-fed pigs with or without PRRSV infection.
MATERIALS AND METHODS
The experimental protocol was approved by the University of Illinois Institutional Animal Care and Use Committee and the Institutional Biosafety Committee.
Experimental Design, Animals, and Housing
The procedures for this study were adapted from the method of Escobar et al. (2004) . Pigs used in the study were free of PRRSV (determined by serology and quantitative real-time reverse-transcription PCR; RT-PCR). The herd from which the pigs originated was also screened every 6 mo for other respiratory pathogens such as Mycoplasma hyopneumoniae, Hemophilus parasuis, Pasteurella multocida, and swine influenza virus (H1N1, H3N2). It was confirmed that the pig herd was negative for the diseases tested, and no clinical signs were seen.
Pigs were brought to the experimental site at weaning and upon arrival were placed in disease-containment chambers. Lincomycin (11 mg/kg of BW; Pharmacia and Upjohn Co., Kalamazoo, MI) was administered daily via intramuscular injection for 3 d after arrival to prevent infections. A total of 12 male pigs were divided into blocks of 4 pigs based on BW. Pigs were randomly assigned from within blocks to 1 of 4 treatments in a 2 × 2 factorial arrangement [2 diets: 0% MOS (control) and addition of 0.2% MOS; with and without PRRSV]. Each containment chamber was separately ventilated with negatively pressurized HEPA-filtered air. After 2 wk of a 4-wk period of feeding the experimental diets, pigs in one-half of the chambers were inoculated intranasally with 2 mL of a high-virulence strain of PRRSV (Purdue isolate P-129; 1 × 10 5 50% tissue culture infective dose). Pigs in the remaining chambers received 2 mL of sterile Dulbecco's modified Eagle medium. The experimental procedures have been described in more detail in a companion paper describing other measurements in the same study (Che et al., 2011) .
All pigs were housed in a temperature-controlled chamber with an 18-h light:6-h dark lighting regimen and had ad libitum access to water and feed. Chamber temperature was maintained at 32°C for the first 2 wk after pigs arrived, then reduced 2°C each wk until the temperature reached 24°C. The basal diets (Table 1) were formulated to contain the quantities of all essential nutrients that met or exceeded nutritional requirements of pigs during the nursery period (NRC, 1998) . Treatment diets were formulated by supplementing the basal diets with 0.2% MOS (Bio-Mos, Alltech Inc.) throughout the experimental period. The dietary inclusion of MOS used in the present study was based on a meta-analysis about MOS effect on pig performance (Miguel et al., 2004) .
Pigs were euthanized for collection of PBMC and BAFL cells at d 7 PI. First, pigs were bled by jugular vein to obtain blood samples for isolation of PBMC. Then, pigs were euthanized to collect BALF cells.
Blood Collection and Isolation of PBMC
At d 7 PI, pigs were bled by jugular vein to obtain blood samples for isolation of PBMC. Six milliliters of blood from each pig were collected into a Vacutainer tube containing anticoagulant (heparin). Peripheral blood mononuclear cells from blood were isolated by gradient centrifugation using ficoll gradient (Histopaque 1077, density = 1.077 g/mL; Sigma Chemical Company, St. Louis, MO). According to the manufacturer's instructions, 3 mL of whole blood were carefully added on the top of 3 mL of Histopaque solution in a 15-mL conical tube. The tube was centrifuged at 400 × g for 30 min at room temperature. After centrifugation, the upper layer of the opaque interface containing mononuclear cells was aspirated and transferred to a new centrifuge tube. If the cells isolated were contaminated with red blood cells (RBC), they were treated with RBC lysis buffer (Invitrogen, Grand Island, NY). After complete removal of RBC, the cells were washed twice with 10 mL of Hank's balanced salt solution and centrifuged at 250 × g for 10 min at room temperature. The cells were then washed with Roswell Park Memorial Institute 1640 medium, pelleted by centrifugation, and resuspended in 200 µL of RNAlater (Ambion Inc., Austin, TX). The cells were kept at −80°C until used.
Collection and Isolation of BALF Cells
After collection of blood samples, pigs were anesthetized by intramuscular injection of a 1-mL combination of telazol, ketamine, and xylazine (2:1:1) per 23.3 kg of BW. The final mixture contained 100 mg of telazol, 50 mg of ketamine, and 50 mg of xylazine in 1 mL (Fort Dodge Animal Health, Fort Dodge, IA). After anesthesia, pigs were euthanized by intracardiac injection with 78 mg of sodium pentobarbital per 1 kg of BW (Sleepaway, Henry Schein Inc., Indianapolis, IN).
The procedure for isolation of BALF cells was adapted from previous studies with modifications (Loving et al., 2008; de Abin et al., 2009) . Briefly, BALF cells were collected by pulmonary lavage with 150 mL of PBS without Ca and Mg. Lavage fluid was filtered through a double layer of sterile gauze and centrifuged at 400 × g for 15 min at room temperature. After centrifugation, lung lavage cells were washed twice with Hank's balanced salt solution. The cells were then washed with Roswell Park Memorial Institute 1640 medium, pelleted by centrifugation (400 × g, 10 min, 4°C), and resuspended in 200 µL of RNAlater (Ambion Inc.). The cells were kept at −80°C until used.
Total RNA Extraction and Gene Expression by Microarray
Total RNA from PBMC and BALF cells isolated at d 7 PI was extracted using TRIzol plus PureLink RNA Mini Kit according to the manufacturer's instructions (Invitrogen). The RNA quality and quantity were assessed using the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA) and the ND-1000 Nanodrop spectrophotometer (Nanodrop, Wilmington, DE), respectively. All samples used for further analysis had an optical density 260/280 ratio of 1.8 to 2.1 and an RNA integrity number of ≥7. Double-stranded cDNA was first synthesized, purified, and employed as a template for in vitro amplification and labeling by using the GeneChip Expression 3′-Amplification IVT Labeling Kit (Affymetrix Inc., Santa Clara, CA). Then, cDNA was used to synthesize cRNA, which was hydrolyzed to produce fragmented cRNA in the 35-to 200-nucleotide size range for proper hybridization. The fragmented cRNA was labeled and further hybridized to the Affymetrix GeneChip Porcine Genome Array. Each array consisted of 23,937 probe sets to interrogate 23,256 pig transcripts representing 20,201 genes. Twenty-four chips in total were used in this experiment.
Analysis of Microarray Data
Data from the PBMC samples and BALF cell samples were handled separately at all stages of the process. All quality control assessments, data processing, and statistical analyses were done in R (Ihaka and Gentleman, 1996; R Development Core Team, 2008) using packages from the Bioconductor project (Gentleman et al., 2004) as indicated below.
Quality Control Assessment. Quality control assessment showed that all arrays were of acceptable quality except that 1 PBMC sample from the control group was an outlier by the principal component analysis method (MacDonald, 2005) and so was excluded from further analysis (Figure 1 ). The remaining arrays were reprocessed with the Guanine Cytosine Robust Multi-Array Analysis algorithm, which performs a guanine/cytosine-based background-correction, does a quantile normalization between arrays, and summarizes the multiple probes into 1 probe set value using a median polish algorithm (Wu and Irizarry, 2005) .
Differential Gene Expression Analysis. Testing for differential gene expression was done by fitting a mixed linear model equivalent to a 2 × 2 factorial arrangement in a randomized complete block design using ANOVA with the limma package (Smyth, 2005) . This statistical software uses an empirical Bayes correction, helping to improve power by borrowing information across genes (Smyth, 2004) . Appropriate pairwise comparisons between tested groups and the overall interaction effect between MOS and PRRSV were pulled as contrasts from the model. There were 5 comparisons as follows: infected MOS (IMOS) vs. infected control (ICON), uninfected MOS (MOS) vs. uninfected control (CON), IMOS vs. MOS, ICON vs. CON, and MOS × PRRSV interaction. The limma model was fitted and raw P-values were calculated using all 23,937 probe sets on the array. The correction for multiplehypothesis testing using the false discovery rate (FDR) method (Benjamini and Hochberg, 1995) was applied as follows. First, the immune genes of interest were generated based on the immune genes probe sets provided by Affymetrix's NetAffix Analysis Center on March 9, 2009. For both the PBMC and BALF cell samples, all immune probe sets that were present on at least 1 array in that tissue based on the Affymetrix Call Detection Algorithm were pulled as 1 list and corrected using the FDR method (Affymetrix, 2009) . Of 154 immune probe sets, 122 and 110 were detected for PBMC and BALF cells, respectively. Second, the rest of the probe sets on the array that were present on at least 1 array were pulled as another list and corrected using the FDR method. Of 23,773 nonimmune probe sets, 17,167 and 17,648 were detected for PBMC and BALF cells, respectively.
Pattern Analysis of Gene Expression. To make biological sense of the analysis results, we used Ingenuity Pathway Analysis (IPA, version 7, Ingenuity Systems, 2009) on the combined list of present immune probe sets and present other probe sets for each cell type. Because IPA does not support the Affymetrix porcine array, we instead used the equivalent human probe set identification as provided by Tsai et al. (2006) ; 679 out of 17,167 porcine probe sets for PBMC and 698 out of 17,648 porcine probe sets for BALF cells did not have human probe set equivalents, and were discarded from the IPA analysis. Three comparisons: IMOS vs. ICON, IMOS vs. MOS, and interaction were of interest. The interaction was expressed as the difference between the challenged treatments (IMOS − ICON) vs. the unchallenged treatments (MOS − CON). For each probe set, the fold change and FDR P-values for those 3 comparisons were input for each cell type in IPA. We used the list of detected probe sets as the background for testing overrepresentation in the significant lists. The criteria for calling a probe set significant changed slightly for each of the 3 comparisons, but were determined in the following manner: 1) in the case where more than 1 probe set mapped to the same gene, the largest fold-change value was selected; and 2) the cutoff for significance was originally set to FDR P-value <0.05 and the number of genes that met this criterion and had information in the Ingenuity Knowledge Base was determined. The IPA recommends that no more than 800 significant genes be used for network construction, so we used a minimum fold-change criterion to set to ~800 genes. For 1 comparison, the BALF cells interaction, the FDR P-value cutoff was increased to 0.1 to allow a larger number of genes to be included. The specific FDR P-value and fold-change criteria for each comparison, plus the number of significant genes tested are present in Table 2 .
Quantitative Real-Time RT-PCR
The same total RNA (3 pigs/treatment) from PBMC and BALF cells used to prepare the Affymetrix microarray was also employed for RT-PCR of gene expression. First-strand cDNA was produced from 3 µg of total RNA per sample using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) in a total volume of 20 µL. Total RNA was denatured at 65°C for 5 min and annealed at 42°C for 2 min. Then, the RT reaction was carried out at 42°C for 50 min, followed by heat inactivation at 70°C for 15 min. The reaction was collected by centrifugation, incubated with 1 µL of RNase H at 37°C for 20 min before amplification of the target DNA. The cDNA was aliquoted and kept at −80°C for further analysis.
Quantitative analysis of IL-1β, IL-4, IL-6, macrophage inflammatory protein (MIP)-1β, monocyte chemotactic protein (MCP)-1, Toll-like receptor (TLR) 4, mannose receptors (MR), major histocompatibility complex (MHC) II, and arginase (ARG)-1 mRNA by RT-PCR was assayed to verify the microarray results. The primers and probes were synthesized by Applied Biological and disease processes are most relevant to the genes detected; which well-characterized cell signaling and metabolic pathways are most relevant to the data obtained.
Biosystems (Foster, CA). All probes for the target genes were designed to contain 6-carboxy-fluorescein as a fluorescent reporter dye at the 5′ end and 6-carboxytetramethyl-rhodamine (TAMRA) as a quencher-fluorescent dye at the 3′ end. The 18S ribosomal RNA was used as a housekeeping gene and dual-labeled with a 5′ reporter dye (VIC) and a 3′ quenching dye (TAMRA). Primer and probe sequences were generated for the target genes using the available GenBank sequences and Primer Express software (Applied Biosystems). The probe/primer pair sequences and amplicon lengths are shown in Table 3 . The cDNA representing 100 ng of total RNA was assayed for each sample in triplicate. The PCR reactions contained each primer and probe, Taqman universal PCR master mix, cDNA, and RNase-free water in a total volume of 20 µL. The quantitative realtime RT-PCR analysis was done using the ABI Prism 7900 Sequence Detection System (Applied Biosystems). Thermal cycling conditions were 50°C for 2 min and 95°C for 10 min, followed by 40 cycles with 15 s at 95°C and 1 min at 60°C.
Statistical Analysis of RT-PCR Data
Data were analyzed as a randomized complete block design with a 2 × 2 factorial treatment arrangement by ANOVA using the GLM procedure (SAS Inst. Inc., Cary, NC). Male pigs were blocked based on BW and litter origin. Pig was considered the experimental unit. Treatment differences were compared using the least squares means procedure of SAS.
RESULTS

Differential Nonimmune Gene Expression in PBMC and BALF Cells
Dietary MOS and PRRSV significantly changed the expression of nonimmune genes in PBMC and BALF cells at d 7 PI. The interaction between MOS and PRRSV for the gene expression in PBMC was significant (P < 0.05) and upregulated the expression of 977 probe sets and downregulated the expression of 1,128 probe sets. For BALF cells, the MOS × PRRSV interaction increased the expression of 117 probe sets and decreased the expression of 78 probe sets (P < 0.05). The data indicate that the MOS × PRRSV interaction affected a greater number of probe sets in PBMC than in BALF cells. In addition, the number of probe sets affected by MOS varied depending on the health status of pigs. Dietary MOS induced the expression of many more probe sets (P < 0.05) in PBMC of uninfected pigs (938 upregulated; 998 downregulated) than in BALF cells (1 upregulated; 1 downregulated). However, within the infected pigs, MOS altered the expression of more probe sets (P < 0.05) in BALF cells (1,007 upregulated; 1,318 downregulated) than in PBMC (164 upregulated; 237 downregulated).
Differential Immune Gene Expression in PBMC and BALF Cells
There was a MOS × PRRSV interaction on the expression of immune genes in PBMC (P < 0.05), but not in BALF cells. Two probe sets were upregulated and 19 downregulated. When comparing IMOS vs. ICON, more immune probe sets in PBMC and BALF cells were identified as downregulated (9 and 24, respectively) than as upregulated (3 and 1, respectively; P < 0.05). Within the uninfected pigs, MOS increased the expression of 14 probe sets and decreased the expression of 1 probe set in PBMC compared with the control (P < 0.05).
The immune genes identified as differentially expressed in PBMC are shown in Table 4 . The MOS × PRRSV interaction affected key genes encoding inflammatory mediators. The gene expression of cytokines, intracellular signaling molecules, and pattern recognition receptors (PRR) in PBMC was greater in uninfected pigs fed MOS than in those fed CON (P < 0.05). Within infected pigs, however, MOS reduced the gene expression of important proinflammatory cytokines and chemokines in PBMC as compared with CON (P < 0.05).
The MOS × PRRSV interaction for the immune gene expression in BALF cells was not statistically signifi- cant (P > 0.05, Table 5 ). Gene expression did not differ between MOS and CON (P > 0.05). In infected pigs, MOS downregulated the expression of several genes involved in inflammation and upregulated the expression of MHCI gene as compared with CON (P < 0.05).
Patterns of Gene Expression
To understand the effects of MOS and PRRSV on the pattern of gene expression, we used the IPA to categorize the significantly affected immune and nonimmune genes based on biological processes and molecular functions for PBMC and BALF cells. We also examined the canonical pathways in which those genes were involved. The criteria for selection of genes to be included in the analysis were mentioned earlier. Biological functions and canonical pathways associated with the changes of gene expression in PBMC and BALF cells for 3 comparisons (interaction, IMOS vs. ICON, and IMOS vs. MOS) are shown. For each comparison, 12 biological processes (Tables 6 and 7 ) and 4 canonical pathways (Tables 8 and 9 ) are selectively presented.
Interaction Between MOS and PRRSV. Putative functional categories of affected genes in PBMC are shown in Table 6 . For PBMC, the MOS × PRRSV interaction affected the majority of expressed genes identified by 64 biological processes in PBMC of pigs. The genes expressed were involved in many important biological processes such as cell cycle, cellular growth and proliferation, cell interaction and movement, and many other immune-related functions. These samples were taken at a stage of acute infection during which most immune cells were produced from the central immune organs and recruited to the site of infection. In particular, genes related to hematological system development and function, inflammation, cell-to-cell signaling, and immune cell trafficking were activated. For BALF cells, the interaction significantly affected 74 biological processes (Table 7) . The top biological functions in which gene expression was substantially changed comprised lipid metabolism, cell death, hematological system development and function, and many other immune-related processes.
The canonical pathways associated with PBMC genes that were differentially expressed are shown in Table 8 . The MOS × PRRSV interaction affected 214 pathways of which 38 were significant. Most biological pathways had more genes downregulated than upregulated. Notably, the interaction downregulated the hypoxia signaling and triggering receptor expressed on myeloid cells (TREM)-1 signaling. Reduced mRNA expression of key transcriptional factors, tumor protein 53 (p53), and hypoxia-inducible factor (HIF)-1 indicated that the hypoxia signaling was downregulated. The significantly downregulated genes associated with TREM-1 signaling included cytokines (IL-1β, IL-6) (Table 9 ). More genes involved in these pathways were downregulated than upregulated.
Interaction = (IMOS − ICON) − (MOS − CON). and chemokines (IL-8, MIP-1β, MCP-1). With respect to BALF cells, of 173 pathways, 19 were significantly affected by MOS × PRRSV interaction
Infected MOS vs. Infected CON.
The results obtained showed that MOS affected several biological processes in PBMC and BALF cells of the infected pigs. For PBMC, 76 significant biological processes were found (Table 6 ). They included cell cycle, DNA synthesis and repair, cellular movement, hematological system development and function, and many other immune-related functions. For BALF cells, MOS significantly affected 71 biological processes, including cellto-cell signaling and interaction, hematological system development and function, tissue development, lipid metabolism, and many other immune-related functions (Table 7) .
It was noted that in PBMC the 4 major canonical pathways involved were communication between innate and adaptive immune cells, TREM-1 signaling, p53 signaling, and protein ubiquitination (Table 8 ). The Genes identified as >2 fold change up or down and a false discovery rate P-value cutoff of <0.05; NS: the expression of genes that did not meet those criteria was not shown. No genes were differentially expressed for the interaction, as well as between MOS and CON. Data were filtered with 2 criteria: Ingenuity pathway analysis threshold P-value (P < 0.05) and the corresponding microarray P-value.
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The number in parentheses represents the ranking of biological functions based on the P-value. significantly affected genes participated in these pathways were more downregulated than upregulated, suggesting that those pathways are not activated by MOS in infected pigs. Genes whose expression was repressed included IL-1β, IL8, TLR9 , p38 mitogen-activated protein kinase (p38 MAPK), cysteine-aspartic protease-6, baculoviral inhibitor of apoptosis repeat-containing 5, ubiquitin-conjugating enzymes, ubiquitin ligase, and inducible heat shock protein 90. For BALF cells, MOS affected several functional pathways, including macropinocytosis signaling, clathrin-mediated endocytosis signaling, antigen presentation pathway, virus entry via endocytic pathway, and IL-4 signaling ( Table 9 ). The genes significantly repressed were MR, integrin-β, phosphoinositide 3-kinase (PI3K), protein kinase C, cell division control protein 42, activating protein 2, Huntingtin interacting protein-1, IL-13 receptor, corticosteroid receptor, and members of MHCII. Only cluster of differentiation (CD) 14 mRNA, which encodes a coreceptor along Data were filtered with 2 criteria: Ingenuity pathway analysis threshold P-value (P < 0.05) and the corresponding microarray P-value.
3 Score = −log(P-value): the pathways were ranked by the score. 4 Compared with the total number of genes involved in that pathway. with TLR4 for the detection of bacterial lipopolysaccharide, was upregulated.
Infected MOS vs. Uninfected MOS. For PBMC, PRRSV infection significantly influenced 66 biological processes within the MOS-fed pigs (Table  6 ). These biological processes identified consisted of antigen presentation, cell-to-cell signaling and interaction, hematological system development and function, and many other immune-related functions. For BALF cells, 61 biological processes were significantly affected ( Table 7) . The biological functions affected included cellular movement, cell-to-cell signaling and interaction, hematological system development and function, cell death, and many other immune-related functions. The results from both types of cells indicated that the immune cells from the hematological system were recruited to the site of infection.
The canonical pathways found in PBMC were oxidative phosphorylation, dendritic cell maturation, communication between innate and adaptive immune cells, TREM-1 signaling, and other immune-related pathways (Table 8 ). The genes significantly downregulated in these pathways were TLR2, TLR4, p38 MAPK, and CD154 . The infection increased the expression of fragment crystallizable of IgG, receptor, and transporter, signal transducer and activator of transcription 1 (FCGRT-1) , MHCII, myeloid differentiation factor (MyD)-88, and cysteine-aspartic protease-1. For BALF cells, the canonical pathways affected included communication between innate and adaptive immune cells, the complement system, crosstalk between dendritic cells and natural killer cells, and many other immune-related pathways ( Table 9 ). The downregulated genes includ- ed TLR4, TLR9, IL-1α, IL-1β, IL-6, IL-8, MIP-1α , MIP-1β, and MHCII. The upregulated genes included IFN-γ, IL-10, chemokine (C-C motif) ligand 5, natural killer group 2D, and CD69.
Validation of Gene Expression by Quantitative Real-Time RT-PCR
Nine immune-related genes were selected based on the microarray data and further analyzed by RT-PCR technique to validate the microarray results. The genes analyzed included IL-1β, MHCII, TLR4 , and MR. It was found that 8 of the selected genes analyzed by RT-PCR had similar patterns of relative expression as those identified by microarray (Table 10) . Although the magnitude of the responses of those genes varied from one method to another, it did not change the trend of the responses. In addition, the IL-4 gene, which was not expressed by microarray, was also not detected by RT-PCR. There was a MOS × PRRSV interaction for IL-1β (P < 0.01), IL-6 (P < 0.01), MIP-1β (P < 0.01), MCP-1 (P = 0.06), TLR4 (P < 0.01), MR (P < 0.05), and ARG-1 (P = 0.05). In brief, the results of gene expression analysis by both methods were consistent.
DISCUSSION
When added to nursery diets, yeast-derived MOS was shown to regulate the porcine immune response in the same study that produced these results (Che et al., 2011) . Dietary MOS was associated with the rapidly increased leukocytes and lymphocytes in pigs during the first week PI. However, decreased fever in the PRRSV-infected pigs consuming MOS by d 7 PI suggested that the intensity of ongoing inflammation Table 9 . Ingenuity pathway analysis of microarray data identifies canonical pathway associated with bronchoalveolar lavage fluid cell genes that are differentially expressed Data were filtered with 2 criteria: Ingenuity pathway analysis threshold P-value (P < 0.05) and the corresponding microarray P-value.
3 Score = −log(P-value): the pathways were ranked by the score. 4 Compared with the total number of genes involved in that pathway.
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Compared with the total number of upregulated and downregulated genes involved in that pathway. was gradually reduced. These altered immune responses may be associated with changes in the expression of immune-related genes, particularly inflammationregulating genes. Therefore, transcriptional profiling of PBMC and BALF cells by using the Affymetrix microarray and real-time RT-PCR would help us to better understand the immune response of the host to PRRSV and the immunomodulatory role of MOS in relation to a viral infection.
Dietary MOS, PRRSV, and their interaction regulated the transcriptional level of a great number of nonimmune and immune genes in both PBMC and BALF cells. Notably, in uninfected pigs, MOS appeared to alter the expression of genes in PBMC only, whereas in infected pigs, MOS changed the gene expression in BALF cells only. The MOS × PRRSV interaction affected more genes in PBMC than in BALF cells. The MOS-induced changes of gene expression in PBMC are very important in prompt triggering of an immune response because those cells circulate throughout the body and encounter endogenous and exogenous stimuli. Interaction of the PBMC from MOS-fed pigs with other molecules and extracellular environments during differentiation and homing at a specific tissue is critical and would have a considerable impact on their subsequent reaction against an immunogenic agent ( Lefrançois and Puddington, 2006 ). These results demonstrate that diets supplemented with MOS regulates the gene expression in different cell types, and this alteration may be expected to bring about further changes in immune responses and disease resistance of pigs.
Dietary MOS altered expression of many important immune genes involved in chemoattraction, inflammatory regulation, and pathogen detection in PBMC of uninfected pigs. Genes whose expression was increased by MOS include IL-1α, IL-6, TLR4, dead box polypeptide (DDX) 58, CD1.1, MyD88, and MHCII. The cytokines, IL-1α and IL-6 play a significant role in the host defense mechanism. The IL-1α is involved in activation of growth and differentiation factors that initiate cellular proliferation and migration events in response to immunological insults (Dinarello, 1994; Gosselin and Rivest, 2007) . It can induce an antiviral state and secretion of 2 transferable antiviral factors, IFN-α, and a soluble form of the low-density lipoprotein receptor (Werman et al., 2008) . The IL-6 has many pro-and anti-inflammatory effects. On the one hand, it can cause inflammation and fever; on the other hand, it reduces inflammation by inhibiting IL-1β and TNF-α production, and inducing anti-inflammatory mediators, IL-1 receptor antagonist and IL-10 (Tilg et al., 1997; Kishimoto, 2005) . Thus, MOS-induced expression of IL-1α and IL-6 genes may enhance porcine immunity to microbial infections, and possibly provide some protection associated with IL-6 immunosuppressive effects.
Further, upregulation of TLR4, DDX58, CD1.1, MyD88, and MHCII genes possibly consolidated the host immune defense against invading pathogens and immunologic challenges. The TLR4 recognizes lipopolysaccharide on various gram-negative bacteria, whereas DDX58 codes for a PRR called retinoic-inducible gene-1 protein that can detect viruses (Luo et al., 2008; Takeuchi and Akira, 2008) . The CD1.1, an MHCI-like surface glycoprotein, can be recognized by T cells and has an important role at the preadaptive phase of immune responses to some microbial pathogens (Roark et al., 1998; Moody and Porcelli, 2003) . The adaptor protein, MyD88, is essential for the stimulation of pro- The total RNA samples (3 pigs/treatment) that were used to run the Affymetrix porcine microarray (Affymetrix Inc., Santa Clara, CA) were employed for RT-PCR.
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The average threshold cycle values for IL-1β, IL-6, macrophage inflammatory protein (MIP)-1β, monocyte chemotactic protein (MCP-1), arginase (ARG-1), major histocompatibility complex II (MHCII), Toll-like receptor 4 (TLR4), and mannose receptor (MR) were 22.0, 28.5, 21.7, 30.4, 25.0, 24.3, 26.7 , and 31.5, respectively; eukaryotic 18S rRNA was used as an endogenous control for RT-PCR studies. inflammatory cytokines such as TNF-α, IL-1, and IL-6, and the entire range of TLR-family agonists (Finberg and Kurt-Jones, 2004; Netea et al., 2004) . For example, lack of MyD88 mRNA expression inhibited IL-1-and IL-18-mediated functions (Adachi et al., 1998) . The increase in mRNA expression of MHCII, which is found only on professional antigen-presenting cells, in uninfected pigs fed MOS implies that MOS can promote antigen presentation. Taken together with the expression of cytokine genes, it is apparent that MOS-induced upregulation of the gene expression of cytokines and intracellular signaling molecules, and that PRR in uninfected pigs is immunologically very significant in recognition of microbial pathogens, activation of the innate immune system, and initiation of a shift from an innate to an adaptive immune response.
Reduced mRNA expression of inflammatory cytokines and chemokines by MOS in PBMC of infected pigs may result in reduced inflammation and relate to TREM-1 and hypoxia signaling pathways. Cytokines IL-β and IL-6 can induce fever by resetting the thermoregulatory center in hypothalamus (Turnbull and Rivier, 1999) . Together with chemokines, they are capable of activating adhesion molecules, inducing acute phase proteins, and attracting leukocytes, particularly monocytes (Petersen et al., 2004; Rot and Andrian, 2004) . Further, the TREM-1 is a cell surface receptor expressed on monocytes and may act as an amplifier of the immune response, promoting the secretion of inflammatory cytokines. Activation of TREM-1 and TLR4 results in enhanced secretions of cytokines and chemokines, compared with either stimulus alone (Bleharski et al., 2003; Sharif and Knapp, 2008) . The decrease in transcriptional expression of cytokines and chemokines, accompanied by reduced TLR4 gene expression, in PBMC of infected pigs consuming MOS indicates an alleviated inflammation in association with downregulation of the TREM-1 pathway. Moreover, hypoxia is a pathological condition in which the infected pigs are deprived of an adequate supply of oxygen. The 2 important transcription factors of the pathway, p53 and HIF-1α, were downregulated, implying that the infected pigs fed the control diet experienced a lack of oxygen supply and were under more severe oxidative stress as compared with those fed MOS (Acker and Plate, 2002; Sax and El-Deiry, 2003) . Thus, the suppression of the hypoxia signaling pathway suggests a reduced intensity of inflammation in the infected pigs fed MOS.
Dietary MOS did not alter expression of immune genes in BALF cells in uninfected pigs, but in infected pigs it altered expression of genes associated with antigen presentation, the complement system, and 2′,5′-oligoadenylate synthetase (OAS)-1. It was previously shown that PRRSV downregulated both types of MHC in dendritic cells (Loving et al., 2007) . The interesting point in our study is that MOS reduced the gene expression of MHCII, but increased the gene expression of MHCI in the infected pigs as compared with the controls. This implies that MOS may facilitate a cytotoxic T-cell response against a viral infection. Although enhancing MHCI mRNA expression, MOS decreased the expression of genes encoding FCGRT-1, complement component 1, and ficolin, which are important components of the complement system. These molecules assist in lysis and opsonization of microbes or particular antigens, leading to the clearance of invading pathogens (Matsushita and Fujita, 2002; Holmskov et al., 2003) . In addition, MOS reduced the mRNA expression of OAS-1 in the infected pigs. The OAS-1 is an IFN-induced antiviral protein and expressed as an inactive enzyme, which requires double-stranded RNA for activation (Justesen et al., 2000) . The active OAS-1 is involved in the formation of the activated latent ribonuclease which can suppress protein synthesis and viral growth by degrading viral and cellular RNA (Eskildsen et al., 2003) . There was no difference in the IFN mRNA expression in BALF cells between the infected pigs fed MOS and those fed CON. Thus, the decrease in OAS-1 may be associated with the intracellular level of PRRSV and the double-stranded RNA generated at some stage in its life cycle. Also, the OAS-activated latent ribonuclease has been shown to mediate viralinduced apoptosis (Durand et al., 2009 ). In short, in BALF cells, MOS may promote a cytotoxic T-cell immune response by enhancing MHCI mRNA expression, but reduce the expression of complement system-associated molecules and OAS-1 at d 7 PI.
The biological pathways of IL-4 and macropinocytosis signalings found in BALF cells were perhaps of importance. In infected pigs, MOS downregulated the IL-4 signaling pathway, suggesting that a shift from Th1 to Th2 immune response may be delayed in BALF cells in association with MOS. The downregulated genes involved in the IL-4 signaling pathway included IL-2 receptor γ, IL-4 receptor α, IL-13 receptor α, PI3K, and MHCII. The reduced expression of IL-4 receptors and PI3K causes a decreased IL-4-mediated signal leading to less transcription of IL-4-responsive genes such as IL-4 receptor α, MHCII, CD23, and IL-4 (Varin and Gordon, 2009 ). The reduced macropinocytosis signaling in the infected pigs was also found to be associated with MOS. Mannose receptors and β-integrin are important cell receptors, responsible for the uptake of microbial pathogens into a cell (Gazi and MartinezPomares, 2009 ). In our study, the decreased transcriptional expression of these receptors may confine the overentry of viruses via endocytic pathways, thereby alleviating severe damage to the infected tissue.
It is of note that induction of alternative activation of macrophages (AAM) in the infected pigs appeared to be associated with MOS. This functional pathway is induced by IL-4 and IL-13 (Gordon, 2003) . The AAM has an important role in the protection of the host by decreasing inflammation and promoting tissue repair. Interleukin-4 inhibits expression of pro-inflammatory cytokines and chemokines, and stimulates production of anti-inflammatory cytokines, thus reducing inflam-mation. Our results showed that MOS reduced the gene expression of , and increased serum IL-10 in the MOS-fed pigs observed in the same study (Che et al., 2011) . Furthermore, the enhanced mRNA expression of ARG-1 in PBMC of the infected pigs fed MOS perhaps is a reliable indicator of the pathway, and suggested initiation of tissue repair ensued. Arginase 1 hydrolyzes l-arginine to urea and l-ornithine, which is used to produce polyamines and proline to promote cell growth and collagen production (Varin and Gordon, 2009) . One of the characteristic features of the AAM is the increased expression of MR and MHCII, leading to increased antigen phagocytosis and presentation. Both MR and MHCII had greater expression in the infected pigs fed MOS than those that received CON. In short, MOS fed to the infected pigs resulted in the expression of several marker genes associated with the AMM. However, it is uncertain that MOS has a crucial role in the induction of this pathway due to the lack of IL-4 mRNA expression.
In summary, the analysis of gene expression patterns shows that dietary MOS has a greater impact on the expression of genes in PBMC than in BALF cells at d 7 PI. The increased expression of genes encoding cytokines, intracellular signaling molecules, and PRR in PBMC of uninfected pigs consuming MOS may enhance the ability of the host to detect and mount an immune response to microbial invaders. This finding supports the fact that MOS was associated with rapidly increased leukocytes at the early stage of PRRSV infection (Che et al., 2011) . Within infected pigs, however, MOS reduces the gene expression of major inflammatory mediators in PBMC, possibly explaining why fever was ameliorated in the infected pigs fed MOS by d 7 PI (Che et al., 2011) . In BALF cells, MOS may promote the destruction of a virus through cell-mediated immunity rather than the activation of the complement system. In general, our findings provide new insights into the immunomodulatory property of MOS. This functional carbohydrate perhaps provides benefits by enhancing the porcine immune response to an infection, while preventing overstimulation of the immune system.
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